The availability of material for experimental studies is a key constraint in the development of full-scale bioprocesses. This is especially true for the later stages in a bioprocess sequence such as purification and formulation, where the product is at a relatively high concentration and traditional scale-down models can require significant volumes. Using a combination of critical flow regime analysis, bioprocess modelling, and experimentation, ultra scale-down (USD) methods can yield bioprocess information using only millilitre quantities before embarking on highly demanding full-scale studies. In this study the performance of a pilot-scale tangential flow filtration (TFF) system based on a membrane flat-sheet cassette using pumped flow was predicted by devising an USD device comprising a stirred cell using a rotating disc. The USD device operates with just 2.1 cm 2 of membrane area and, for example, just 1.7 mL of feed for diafiltration studies. The novel features of the design involve optimisation of the disc location and the membrane configuration to yield an approximately uniform shear rate. This is characterised using computational fluid dynamics for a defined layer above the membrane surface. A pilot-scale TFF device operating at~500-fold larger feed volume and membrane area was characterised in terms of the shear rate derived from flow rate-pressure drop relationships for the cassette. Good agreement was achieved between the USD and TFF devices for the flux and resistance values at equivalent average shear rates for a monoclonal antibody diafiltration stage.
final formulation (Rathore & Shirke, 2011) . Membrane structures may be designed to retain macromolecules, generally termed ultrafiltration, or to retain particulates, generally termed microfiltration. Membrane operations may operate in either tangential flow (cross-flow) filtration (TFF) mode to reduce fouling of the membrane surface, or in normal flow (dead-end) filtration (NFF) mode often for the removal of trace particulates.
Industrial modules can be operated in different configurations including batch, fed-batch, single-pass, and feed-and-bleed/continuous (Holzer, 2017) . Continuous or feed-and-bleed operations are common at large-scale but for many bioprocessing applications, batch operation is used with the option of an additional feed for diafiltration stages (Cheryan, 1998; van Reis & Zydney, 2007) . This article will focus on the use of an ultrafiltration membrane for a diafiltration stage operating in TFF batch mode. Membrane geometries for TFF include hollow fibre, spiral wound, and flat-sheet, the last being the form typically found in bioprocessing for therapeutics (Lutz, 2015) . The flat sheets are commonly mounted into cassettes, these being compact rectangular units with smaller footprint consisting of multiple flat sheet membranes layered with flow channel spacers. These spacers often incorporate turbulence promoters to help reduce membrane fouling and to increase the bulk mass transfer at the membrane surface (Shrivastava, Kumar, & Cussler, 2008) . This format allows reduced hold-up volumes and improved permeate flux, hence decreasing the exposure of process material to shear stress during pumping and flow (Lutz, 2015) .
Mechanically agitated systems have been devised to increase shear over the membrane whereas still operating at low flow rates, for example, using an axial rotating cylinder (Holeschovsky & Cooney, 1991; Ji et al., 2016; Kroner & Nissinen, 1988) or a rotating disc (Ebrahimi, Schmitz, Kerker, Liebermann, & Czermak, 2013) .
Scale down of membrane systems to bench scale poses significant challenges. It is necessary to maintain flow path length and similar wall and entrance effects to help mimic hydrodynamic shear characteristics, while also ensuring the pumping and piping flow effects remain the same. Rayat, Lye, and Micheletti (2014) used an equivalent hydraulic length to account for flow disruption effects in a channel with changes in flow direction to successfully mimic the pressure drops and shear rates present in full-scale TFF systems thereby reducing the membrane area used to 10 cm 2 . Stirred-well systems have been used, where the intention is to maintain a clear membrane surface, to study environmental effects on protein processing such as pH and salt concentration using membrane areas of 0.25 cm 2 in multi-well plates (Kazemi & Latulippe, 2014) or the effects of membrane pore size and composition on the specific transmission of proteins using 1.5 cm 2 membrane discs (LaRue, Kazemi, & Latulippe, 2018 ). These systems, however, still require 100s of millilitres of feed material. Often they do not directly mimic larger scale operation because of differences in the pump hydrodynamic environment, the required number of passes, and the magnitudes of shear rate (Meireles, Aimar, & Sanchez, 1991) .
Ultra scale-down (USD) technologies use experimentation at the millilitre scale to help understand the impact of the large-scale process environment. USD conditions may be defined by combining critical flow regime analysis and bioprocess modelling of large-scale systems (Rayat, Chatel, Hoare, & Lye, 2016; Titchener-Hooker, Dunnill, & Hoare, 2008) . USD techniques often incorporate the ability to mimic the full-scale shear environment and flow patterns to study the impact on the stability of biological materials (Biddlecombe et al., 2007; Reid et al., 2010) .
USD methodologies are able to offer a wider understanding of the effect of individual parameters by decoupling dependencies, for example, shear stress in the entry zone of a continuous flow industrial-scale centrifuge, sedimentation in the settling zone, and shear stress during sediment discharge (Boychyn et al., 2001 (Boychyn et al., , 2004 Chan et al., 2006) . The use of USD techniques has been described for chromatography (Wenger, Dephillips, Price, & Bracewell, 2007; Willoughby, Martin, & Titchener-Hooker, 2004) , NFF (Lau et al., 2013; Reynolds et al., 2003) , for membrane separations in normal-flow mode (Jackson, Liddell, & Lye, 2006; Rayat, Micheletti, & Lye, 2010) , in crossflow mode using pumped flow (Rayat et al., 2014) , and in mechanicallyagitated mode using a rotating disc (Ma et al., 2009 ). This latter form of the USD device allows the flow over the membrane to be varied independently of the transmembrane flux or pressure. It has been used to study microfiltration for antibody fragment recovery from clarified Escherichia coli lysates (Ma et al., 2009 ) and human cell recovery (Masri, Lawrence, Wall, & Hoare, 2017) . This article addresses the challenge of characterizing the shear rate over the membrane in such a way that it can be related to shear rate in full-scale operations. An important precursor is the need to redesign the USD device so that all the membrane may be considered to be exposed to the same shear rate.
The objective of this study was to characterise the redesigned USD device and the relationship to the performance of a flat-sheet membrane cassette in a pilot-scale TFF system. The membrane performance, using flux as a comparative measure, was studied for a diafiltration operation of a monoclonal antibody (mAb) solution. This type of operation was selected to solely focus on the membrane performance over time, i.e., while the protein concentration remains unchanged. Ultra scale-down studies of membrane performance were carried out over a range of shear rates encompassing those which are observed at full scale. A characteristic average shear rate was the scaling parameter used to compare performance at the two scales.
| MATERIALS AND METHODS

| Materials
A humanized monoclonal antibody (IgG), referred to as mAb-1 (~150 kDa, pI 9.0) was provided by Merck & Co., Inc (Kenilworth, NJ).
It was supplied as two frozen (− 80°C) samples (2 L aliquot at 12 g/L) stored in 10 mM Sodium Acetate buffer pH 5. 
| Equipment
The rheology of the feed and diafiltration buffer (10 mM Tris Acetate pH 5.4) was determined using a capillary viscometer (m-VROC, The USD device was designed and fabricated in house (Rapid Design and Fabrication Facility, Department of Biochemical Engineering, UCL, UK) and is detailed in Figure 1 . The device comprises a perspex chamber (h = 56 mm, Ø = 21 mm, 1.7 mL capacity) with a stainless steel base that includes a support frit to accommodate the membrane disc, a permeate outlet port, and a jacketed-housing to provide a controlled temperature environment within the chamber by using a recirculating water bath (211-131-100, Fisher Scientific™, Loughborough, UK).
Stainless steel rotating discs of various designs (Ø = 15 mm) could be mounted at a specified distance (from 0.8 to 2.0 mm) above the membrane surface and driven at a specified speed up to 5,000 rpm 
| Experimental methods
For the pilot-scale TFF experiments, 0.1 M NaOH was first drained from the system and the inline cassette was replaced by a new one. Two For each USD run, a new filter disc was placed during the set-up of the USD system. A wash stage was performed using 9 mL of ultra-pure A characteristic average shear rate was the chosen basis for scale translation between the USD and the pilot-scale TFF systems. In the USD system this was defined as the average shear rate in a 0.1 mm height of fluid above the active area of the membrane surface. This height is similar in magnitude to an effective individual channel height in flat-sheet cassettes (Rayat et al., 2014) .
For the pilot-scale TFF system, the shear rate was estimated using Equation (1), where the axial pressure drop, ΔP ̅ axial , was measured experimentally with ultra-pure water and the cassette hold-up volume (V) was obtained from the manufacturer (EMD Millipore) (Binabaji, Ma, Rao, & Zydney, 2015) .
3 | RESULTS AND DISCUSSION
| Computational fluid dynamics
The flow conditions were characterized for a range of disc designs and placements. These were varied with a view to achieving an approximately uniform shear rate across the membrane surface as is likely to be present during fluid flow in the pilot-scale TFF membrane cassette. Some examples studied for the USD device operating in the mid-speed range available are given in Figure 2 . The initial USD design ( Figure 2a ) was as studied previously (Ma et al., 2009 ) with a conical disc close to the membrane surface with the assumption that a narrowing gap might partially offset the decreasing angular velocity to give a more uniform shear rate. However, the majority of radial flow is predicted to occur above the disc with just one flow vortex beneath the edge of the disc and the chamber wall ( Figure 2a [i] and
[ii]). A sharp shear rate profile results with y min = 300 and y max = 7,600 s −1 (Figure 2a [iii] ).
Raising the disc (Figure 2b ) allowed the flow vortex to cover greater portions of the membrane, i.e., rather than have the majority of radial flow above the disc (Figure 2b , Figure 2b [iii]). Further simulations, for example, Figure 2c showed that the disc angle did not impact flow over the membrane provided the critical distance (D 2 ) between the disc and membrane was maintained.
For the design shown in Figure 2c , the regions were identified where the shear rate over the membrane was predicted to be less than 0.8 y av,
i.e., a central region and an outer annulus. These regions were blanked 
| Design of scale-down TFF experiments
Comparison of USD and pilot-scale TFF systems was performed at a constant volumetric membrane loading; 8.1 L of feed/m 2 . Table 1 further describes the properties of the two systems and these are represented schematically in Figure 4 for the resultant USD membrane area as defined in Figure 2d . Figure 5a summarises the predicted average shear rate versus disc speed for the USD device design chosen for further study (Figure 2d ) for
Schematic representation of (a) ultra scale-down (USD) and (b) pilot-scale TFF membrane systems (drawings are not to scale). In this study, the volume required for the USD system is approximately 520-fold smaller than for the pilot-scale setup. A comparison between these systems is given in Table 1 F I G U R E 5 Comparison of shear rate (yā v ) relationships for (a) USD as a function of disc speed using CFD analysis and (b) pilot-scale TFF using measured ΔP axial for set Q F values. In (a), yā v is predicted using CFD for the mAb solution to be studied (µ = 0.0013 Pa s). In (b), calculated yā v for water (○) is obtained from the measured ΔP axial of water and µ ( = 0.0010 Pa s). The predicted yā v for the protein solution (■), is obtained from the measured ΔP axial of water, assuming ΔP axial ≠ f(µ) for transitional and turbulent flow (1,400 < Re < 7,000), and µ = 0.0013 Pa s, using Equation ( F I G U R E 7 Effect of (i) membrane resistance (R M ); (ii) steady-state total resistance (R T ) derived from Figure 6 using Equation (2); and (iii) steady-state gel resistance (R Gel ) using Equation (3) as a function of flow conditions represented by average shear rate, yā v , related to USD disc speed (Figure 5a ), to pilot-scale TFF cross flow rate (see Figure 5b ). See Figure 6 legend for the protein solution and buffers used. The viscosity of permeate (µ P ) in Equation (2) These agree with the calculated shear rates using the mAb solution in the pilot-scale TFF system. Different strategies will be needed when dealing with more viscous protein solutions where the flow will be in the laminar region unlike for these studies (Binabaji, Ma, Rao, & Zydney, 2016) . The 
| Using gel resistance as a comparative measure
Experiments on both scales were compared using gel resistance, an engineering parameter which, after adjusting for membrane variability, is based on transmembrane pressure, flux and material viscosity measurements. The rheology of the mAb-1 solutions tested showed Newtonian behaviour across the studied range of viscometer shear rates between 1,000 and 7,000 s −1
(data not shown here). Both clean membrane resistance (R M ) and total resistance (R T ) were calculated from steady-state flux measurements (Equation (2)). The greater range of the USD disc membranes can be seen in Figure 7i 
Comparison of USD and pilot-scale TFF performance using CFD predicted yā v for USD to match with experimental yā v for pilot-scale TFF: (a) normalised steady-state flux rates, Ĵ and (b) gel resistance, R Gel . Normalised steady-state flux (Ĵ) is given by Equation (5) using steady-state flux (J SS ) in the stable region (3.5 < DV < 7.0) from Figure 6 (factor − δ 1 varies for USD from 0.8 to 1.3 and for TFF from 0.9 to 1.1). Gel resistance (R Gel ) is obtained from Figure 7iii F I G U R E 9 Suggested use of the USD system to gain early insight into processing of a new candidate and to help determine the design of a full-scale TFF system.
Step 2 may include a study to establish a design space, for example, N (800-5000 rpm) and ΔP TMP.USD (0.4-1.6 bar) and also to give an indication of impact on product quality (to be reported in future paper).
Step 3 for USD yā v.USD = f (N 1.37 µ F −0.46 ). In
Step 4 the predicted impact of ΔP ̅ TMP.TFF and Q F on the performance may also determine their relevance as critical process parameters
The resultant gel resistance (R Gel ) is given by Equation (3) assuming R F = 0. The values of R M , R T and R Gel for various shear rates are shown in Figure 7 . Similar effects were observed of change in shear rate on gel resistance in the USD and the pilotscale TFF systems (Figure 7iii ). At lower shear rates, protein molecules flow towards the membrane surface and are less effectively swept away due to weaker cleaning action contributing to the formation of the gel layer. Gel resistance dominates the total resistance distribution at low shear rates (<2000 s −1 ). At higher shear rates, membrane resistance dominates.
An adjustment factor, δ (Equation (4)) was determined for each experiment to account for membrane variability. Normalised steady-state flux rates (Ĵ) Equation (5) (Cheryan, 1998) .
| CONCLUSION
The limited availability of material for process development studies, particularly with high concentration antibody solutions, poses a challenge to identify optimum operating conditions for a successful scale-up. A novel scale-down approach has been presented in this study to predict diafiltration performance of a typical pilot-scale TFF system using flatsheet membrane cassettes by implementing USD technologies. CFD simulations have been used to characterize flow patterns of the chamber in the USD system in terms of average shear rate. The match between the USD and the pilot-scale TFF system was done using a characteristic average shear rate as the basis for scale translation. Good agreement of data was observed when comparing gel resistance and flux of equivalent experimental runs between scales. This article describes a proof-ofconcept study of how USD may be used to determine the effect of operating variables on membrane performance and hence enhance the effectiveness of subsequent pilot-scale experimentation. However the lack of comparability of protein loss between the USD and TFF devices is possibly due to the increased surface area to volume in the USD device. If the USD device is also to be used in preparative mode, there is a need for redesign to give equivalence to the TFF system. Figure 9 summarises how the USD system may be used to help contribute to the design of full-scale TFF operations. USD experiments may be conducted to determine membrane performance using flux rate even when limited amounts of process material are available. The resultant engineering correlations may be used to predict full-scale TFF operation for that process material provided design features of the fullscale system are known, for example, operating characteristics with water. Membrane performance other than flux rate might include the transmission of contaminants determining the extent of diafiltration needed. To date the only measure used to validate the shear rate estimations has been the flux rate and the gel resistance. Other criteria may be: product recovery, product quality attributes affected by shear stress, and concentration operations using higher concentrations, which will be the subject of a future study.
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